Aim: Elevational biodiversity patterns are understudied in high-latitude aquatic systems, even though these systems are important for detecting very early impacts of climatic changes on Earth.
traditionally been examined for large organisms, such as plants and mammals, which typically exhibit either a monotonically decreasing or a unimodal pattern (Rahbek, 2005) . During the last decade, there has been an increasing interest in elevational trends in biodiversity of microbial organisms (e.g., bacteria, diatoms), groups of which are essential for multiple ecosystem functions (Bryant et al., 2008; Fierer et al., 2011; Hayden & Beman, 2016; Shen et al., 2013; Singh, Takahashi, Kim, Chun, & Adams, 2012; Wang et al., 2011 Wang et al., , 2017 . Nonetheless, no consensus has emerged over the generality in the patterns, and contrasting elevational diversity trends have been documented for different microbial groups within and across geographical regions (Wang et al., 2017) .
Ecologists typically examine spatial biodiversity patterns separately for aquatic and terrestrial ecosystems, although these systems are linked by the fluxes of organisms, materials and energy (Polis, Anderson, & Holt, 1997; Soininen, Bartels, Heino, Luoto, & Hillebrand, 2015) .
For example, the amount of allochthonous nutrients and organic matter that enters water bodies can be greatly influenced by the soil properties and vegetation type of catchments (Bartels et al., 2012; Rautio et al., 2011) . The close connections between aquatic and terrestrial systems are often apparent in mountainous regions, and such connections typically weaken towards high elevations (Rose, Williamson, Kissman, & Saros, 2015) . Along elevational gradients, climate-induced changes in Water bodies below the tree line are often influenced more by terrestrial subsidies compared with more autochthonous aquatic systems at higher elevations (Karlsson et al., 2001; Rose et al., 2015) . Given such strong aquatic-terrestrial linkages, variables representing catchment characteristics may be highly useful in reflecting long-term environmental conditions in aquatic ecosystems, and should therefore be considered as possible predictors of aquatic diversity (Soininen & Luoto, 2012; Soininen et al., 2015) . For example, Soininen & Luoto (2012) recently reported that the richness of planktonic organisms in small boreal lakes was related to the normalized difference vegetation index (NDVI), a widely used satellite-derived metric, which correlates with above-ground net primary productivity and absorbed photosynthetically active radiation (Kerr & Ostrovsky, 2003; Pettorelli et al., 2005) .
In this paper, we explore the mechanisms and pathways by which elevation and other environmental factors at multiple scales affect benthic microbial communities in the subarctic ponds of Finland and Norway. Benthic microbial communities are essential for the ecological functions of high-latitude aquatic systems because they often play a key role in driving biogeochemical cycles (Rautio et al., 2011; Vincent, Hobbie, & Laybourn-Parry, 2008) . Nonetheless, we know relatively little about how and why their diversity varies with elevation. This is unwarranted given that freshwaters at high altitudes and latitudes are sensitive to climatic warming and associated environmental changes (Wang, Pan, Soininen, Heino, & Shen, 2016) , which may greatly alter their physical, chemical and biological characteristics (R€ uhland, Paterson, Keller, Michelutti, & Smol, 2013; Schindler & Smol, 2006; Weckstr€ om & Korhola, 2001) . Regarding the simplicity of their food webs facing harsh environmental conditions, such systems are important for detecting very early impacts of climatic changes on Earth, especially because organisms there live near their distributional borders.
A specific objective of this study is to examine how microbial species richness and beta diversity vary with elevation and to determine the key drivers underlying these patterns. We hypothesize that the richness and beta diversity patterns along elevational gradients are shaped by a set of hierarchically structured factors, which are connected to each other by causal relationships. We envision that microbial communities are primarily structured by local pond variables, some of which in turn reflect catchment properties and vary along geographical (i.e., spatial and climatic) gradients. To test this hypothesis, we construct structural equation models (SEMs; Appendix S1 in Supporting Information). The SEM is a modelling framework for representing and evaluating hypotheses about causal relationships in systems (Grace, 2006) . It has rarely been used in studies analysing aquatic microbial diversity (but see Stomp, Huisman, Mittelbach, Litchman, & Klausmeier, 2011) , even though it may provide new insights into the mechanisms that generate and maintain biogeographical patterns. We also aim to unravel whether the forces that regulate microbial diversity are the same for aquatic autotrophs (diatoms and cyanobacteria) and aquatic heterotrophs (bacteria other than cyanobacteria). We hypothesize that the autotrophs are more controlled by within-pond factors (e.g., pH and nutrients), whereas heterotrophs also respond to catchment properties (e.g., terrestrial productivity) because they are fuelled by allochthonous carbon.
| MA T ER I AL S A N D M E TH ODS

| Study area and ponds
The study area (68855 0 -69858 0 N, 20802 0 -26825 0 E) is located in northern Fennoscandia, comprising parts of Finland and Norway (Supporting Information Appendix S2). The climate of the region is characterized by long, cold winters and short, relatively warm summers. The ice-and snow-free period typically lasts from May-June to October-November. The short growing season is compensated by abundant light, as the sun stays above the horizon for more than 2 months in the summer. The annual mean temperature varies from 21.9 8C in Kilpisjärvi (Finland) to 20.5 8C in Skibotn (Norway).
The study region is situated in a diverse topographical setting as it constitutes a part of the Scandinavian mountains. Our sampling covered long climatic and environmental gradients; the sampled ponds were distributed across the tree line along an elevational gradient of 10-1038 m a.s.l. Near sea level, the catchments were characterized by mixed forests or peatlands, with a transition to a zone dominated by mountain birch, and to treeless tundra with increasing altitude (Supporting Information Appendix S3). Finally, at the highest altitudes (above 1000 m a.s.l.), ponds were embedded in barren, rocky catchments with scarce terrestrial vegetation. The sampled water bodies were typically small, shallow, clear watered and hydrologically independent of one another (i.e., not connected by streams). We define them as ponds rather than lakes because they were generally smaller than 1 ha in area (Biggs, Williams, Whitfield, Nicolet, & Weatherby, 2005) . Most of the ponds were pristine or close to pristine, with negligible anthropogenic activity in their catchments.
| Field sampling and laboratory methods
We sampled 102 ponds in the Kilpisjärvi-Skibotn region in August 2015 and 44 ponds in R asttig ais a in July 2015. At each pond, 10 cobble-sized stones were randomly selected along the shoreline from depths of 15-30 cm, and biofilm was collected by scraping the surfaces of these stones with a sterilized sponge (25 cm 2 per stone). The accumulated suspension was pooled into a composite sample, which was subsequently divided into two sample containers: one for diatoms and one for bacteria (including cyanobacteria) at each site. After sampling, the diatom samples were stored in cold (14 8C) and dark, and the bacteria samples were stored frozen (220 8C) until laboratory analyses.
We collected epilithic samples because communities growing on stony substrata should presumably be more stable than, for example, surface-sediment communities (Soininen & Eloranta, 2004) . Surfacesediment assemblages are often derived from multiple source communities and they are subject to taphonomic modification, which may result in a discrepancy between species composition and prevailing environmental conditions (Cameron et al., 1999; Soininen & Eloranta, 2004) .
Moreover, it has been shown that among algae, epilithon may be more responsive than either epipelon or phytoplankton to climate-induced variations in the abiotic environments of shallow mountain lakes and ponds (Vinebrooke & Leavitt, 1999) .
Water temperature, conductivity and pH were measured in situ.
Water samples were collected and analysed later in the laboratory for total nitrogen (TN) according to standard SFS-EN ISO 11905-1, and for Si, Ca, Mg and K according to standard SFS-EN ISO 11885.
| Buffer zone variables
NDVI was used as a catchment scale variable (i.e., buffer zone variable)
to indicate terrestrial productivity. The used NDVI product was derived from Landsat 8 Surface Reflectance data provided by the U.S. Geological Survey (USGS; Masek et al., 2006) . The data were captured by the Operational Land Imager sensor on 21 August 2015, shortly after the fieldwork ended. Landsat 8 Surface Reflectance data were generated from the L8SR algorithm, and the surface reflectance product was topographically, geometrically and radiometrically corrected by the USGS. The spatial resolution for the data is 30 m. The NDVI was calculated as a ratio between the red (R) and near infrared (NIR) values using the following equation: NDVI 5 (NIR 2 R)/(NIR 1 R).
To extract the NDVI values for the ponds, 30 and 100 m nonoverlapping buffer zones were first created around each study site.
Then, maximal NDVI values were extracted for each buffer zone using ArcGIS 10.2.1 software (ESRI, 2015) . We calculated maximal NDVI values because it has been shown that catchment productivity measured as the maximal NDVI may be related to aquatic diversity in boreal regions (Soininen & Luoto, 2012) .
| Climate variables
Climate variables (average July mean temperature and average July 
| Diatom analysis
Organic material was removed from diatom samples by boiling with hydrogen peroxide (30% H 2 O 2 ) in the laboratory. The cleaned diatoms were mounted on slides using Naphrax. Then, using a phase contrast light microscope (Olympus BX40, Melville, NY, USA; magnification 10003), 500 frustules per sample were counted and identified to species level (when feasible) following Krammer and Lange-Bertalot (1986-1991) and Lange-Bertalot and Metzeltin (1996) . Diatom species richness was calculated as the sum of all species encountered within the 500 frustules.
| Analysis of bacteria and cyanobacteria
Bacterial analyses were performed according to previous references (Wang et al., 2017) . Genomic DNA was extracted from biofilm using a phenol-chloroform method (Zhou, Bruns, & Tiedje, 1996) . Bacterial Overlapped paired-end sequences from Miseq were assembled using FLASH (Magoč & Salzberg, 2011) . Poorly overlapped and poorquality sequences (such as sequence length < 150 and moving-window (5 bp) quality score < 29) were filtered out before de-multiplexing based on barcodes. Furthermore, the sequences were clustered into
operational taxonomic unit (OTUs) at 97% pairwise identity with the seed-based uclust algorithm (Edgar, 2010 (Caporaso et al., 2010) .
The taxonomic identity of each representative sequence was determined using the RDP Classifier (Wang, Garrity, Tiedje, & Cole, 2007) , and chloroplast and archaeal sequences were removed. The bacteria were rarefied at 8,000 sequences for each sample for following analyses. Given that cyanobacteria, as primary producers in aquatic ecosystems as diatoms, showed a high abundance (32.1 6 18.7% of reads per sample) in bacterial communities, we separated cyanobacteria from the other components of bacteria (namely, non-cyanobacteria bacteria). As a measure of beta diversity, we used local contributions to beta diversity (LCBD), which represent the relative contribution of individual sampling units to beta diversity (Legendre & De C aceres, 2013) . LCBD enables the identification of sites that contribute more or less than average to overall beta diversity. A high LCBD value at a site indicates that the site harbours a unique community composition in the data set, thus comprising many rare species. To compute the LCBD values, we used Hellinger-transformed abundance data and the function beta.div in the R code provided by Legendre and De C aceres (2013) .
| Data analyses
We first examined the relationships between richness or LCBD and elevation with simple linear regressions. We also constructed models that included a quadratic term of elevation to detect a possible nonlinear elevational pattern.
Before using generalized linear models (GLMs) and multivariate analyses, we log10-transformed LCBD values to approximate a normal distribution better. The transformed values were subsequently standardized to a scale 0-1 to avoid negative values. Additionally, noncyanobacteria richness was square-root-transformed because of its skewed distribution.
We used GLMs with Gaussian error distribution (McGullagh & Nelder, 1989) to identify the key local environmental variables explaining species richness and LCBD of diatoms, cyanobacteria and noncyanobacteria in the ponds. The selection of the best approximating model was based on Akaike's information criterion (AIC; Akaike, 1974) and the function stepAIC with backward stepwise model selection in the R package MASS (Venables & Ripley, 2002 (Grace, 2006) . The SEMs were constructed using the R package lavaan (Rosseel, 2012) .
Finally, to ensure that the overall results were independent of the chosen method, we carried out variation partitioning (Borcard, Legendre, & Drapeau, 1992) to partition the variation in the response variables with respect to the pond variables, NDVI and elevation and their joint effects. Variation partitioning was conducted using the varpart function in the R package vegan (Oksanen et al., 2015) . It was based on partial regression because we analysed single response variables.
All statistical analyses were conducted with R version 3.2.2 (R Development Core Team, 2015). There was a negative relationship between richness and LCBD in diatoms (R 2 5 .35, p < .001) and cyanobacteria (R 2 5 .54, p < .001), whereas the relationship between non-cyanobacteria richness and LCBD was positive (R 2 5 .07, P 5 .002).
| RE SULTS
Based on GLMs, pH was one of the major determinants of richness and LCBD across taxa (Supporting Information Appendix S6). In addition to pH, TN and Si were important drivers for diatom richness; TN for cyanobacteria richness; and conductivity, TN and K for noncyanobacteria richness. Diatom and cyanobacteria LCBD were mostly affected by pH and K, and non-cyanobacteria LCBD by pH and conductivity.
The SEMs indicated that microbial communities in ponds were shaped by hierarchically structured factors, connected to each other by causal relationships (Figure 2a-f) . Elevation governed NDVI and affected pond variables both directly and indirectly through NDVI.
For species richness, the final SEMs indicated that both diatom and cyanobacteria were controlled by pond variables, especially pH, whereas elevation exerted an indirect effect (Figure 2a 
| DISCUS SION
To our knowledge, the present study is the first one to examine pond microbial diversity along an extensive elevational gradient across three taxonomic groups representing broadly different functional roles. Our results show that the microscopic organisms in subarctic ponds exhibit clear elevational diversity patterns, the shapes and drivers of which vary across the focal taxonomic groups. The overall results were strikingly similar for diatoms and cyanobacteria, even though these data were obtained using differing methods (morphological versus molecular identification). This outcome suggests that the same mechanisms govern the diversity of these two functionally similar groups of aquatic autotrophs in the studied systems. The unimodal richness-elevation pattern that we found for diatoms and cyanobacteria is typical among FIG URE 2 Structural equation models in explaining species richness and local contribution to beta diversity (LCBD). These models represent connections between explanatory variables and species richness of (a) diatoms, (b) cyanobacteria and (c) non-cyanobacteria, and between explanatory variables and LCBD of (d) diatoms, (e) cyanobacteria and (f) non-cyanobacteria. The values corresponding to the pathways are standardized path coefficients. Black arrows indicate positive effects, grey arrows denote negative effects, and dashed arrows denote non-significant effects. R 2 values indicate the amount of explained variations in the response variables. Double-headed arrows indicate covariance. NDVI 5 normalized difference vegetation index; SPC 5 conductivity; TN 5 total nitrogen larger organisms (Rahbek, 2005) . It has also been discovered for aquatic microorganisms, such as lake diatoms in northern Fennoscandia (Weckstr€ om & Korhola, 2001 ) and stream diatoms in China (Wang et al., 2017) . However, in the study by Wang et al. (2017) only a minority (16%) of the studied elevational gradients revealed unimodal trends for stream diatoms. The results of variation partitioning indicated that the variability in both diatom and cyanobacteria richness was best explained by the pure effects of pond variables, which were also identified as the key factors driving richness in the SEMs. These findings are in line with previous studies, which have emphasized the role of environmental filtering for primary producers in aquatic systems (Stomp et al., 2011; Verleyen et al., 2009; Wang et al., 2017) .
Among pond variables, pH had an overriding effect on diatom and cyanobacteria richness; the number of species declined with decreasing pH. Considering that the ponds with the lowest pH were located at both ends of the elevational gradient, the unimodal richness-elevation trend may reflect the positive richness-pH relationship. Low pH can act as an environmental filter excluding species that are sensitive to low pH, hence leading to impoverished communities largely dominated by species that are physiologically adapted to pond water acidity. Overall, the results imply that the number of diatoms and cyanobacteria in subarctic ponds is more constrained by pH-induced stress rather than limited by resources, and agree with earlier reports on the importance of pH for aquatic autotrophs (Soininen, Jamoneau, Rosebery, & Passy, 2016; Stokes, 1986; Wang et al., 2017; Weckstr€ om, Korhola, & Blom, 1997) .
Although the primary producers showed unimodal patterns, noncyanobacteria richness decreased with increasing elevation. This declining trend has previously been observed for soil bacteria in the Colorado Rocky Mountains, U.S.A. (Bryant et al., 2008) and stream bacteria in Meili Mountain, China (Wang et al., 2017) , although most of the stream elevational gradients studied by Wang et al. (2017) showed other than decreasing trends for bacteria. Microbial diversity patterns contradictory to the present findings have also been reported in studies along hydrological continua (Besemer et al., 2013; Crump, Amaral-Zettler, & Kling, 2012) . In variation partitioning, the explained variation in noncyanobacteria richness was mostly accounted for by the pure effects of elevation, the pure effects of pond variables and the joint effects of all explanatory variables. The SEM suggested, however, that richness was primarily related to the direct effect of elevation. Unexpectedly, conductivity did not have a significant effect on richness in the SEM, although the GLM indicated that it was highly important for noncyanobacteria richness. This may be because conductivity was correlated with elevation; the direct effect of elevation on richness might have masked the effect of conductivity. Therefore, we assume that the elevation effect in SEMs reflects not only climatic factors, such as decreasing temperature, but also the effects of conductivity and other variables, which we did not measure but which are known to covary with elevation and influence bacterial communities. One such factor is the concentration of dissolved organic carbon, which typically decreases with increasing elevation and has been identified as an essential variable for bacterial communities in subarctic lakes and ponds (Karlsson et al., 2001; Roiha, Tiirola, Cazzanelli, & Rautio, 2012) .
The low supply of organic carbon to high-elevation ponds attributable to low terrestrial productivity may limit the growth of aquatic bacteria.
In contrast, lower-elevation ponds below the tree line are presumably more influenced by organic carbon subsidies from the surrounding terrestrial environment (Bastidas Navarro et al., 2014; Karlsson et al., 2001; Rose et al., 2015) , which may serve as a source of energy for heterotrophic bacteria and subsequently facilitate higher bacterial diversity. Alternatively, the effect of elevation could be interpreted as the outcome of biogeographical processes, such as dispersal limitation and colonization dynamics. For example, it has been shown that upslope soils may serve as sources of microbial diversity for downslope freshwaters (Crump et al., 2012) . In our study, such dispersal across ecosystem boundaries may have increased richness in low-elevation ponds compared with high-elevation ponds, which were surrounded by barren boulder fields and shallow soils.
In addition to richness, we observed significant elevational trends in LCBD for all three microbial groups. The LCBD-elevation relationship was U-shaped across taxa. In general, ponds located in the middle of the elevational gradient had low LCBD values, whereas lowelevation and high-elevation ponds scored higher values, especially for cyanobacteria and non-cyanobacteria. Given that LCBD indicates uniqueness of the pond communities, with large values representing sites with highly different species compositions from other sites (Legendre & De C aceres, 2013) , this finding may indicate that ponds at mid-elevations often harbour communities with more generalist species, whereas specialists are relatively more prevalent in ponds located at both ends of the elevational gradient.
The results of variation partitioning and SEMs demonstrated that diatom and cyanobacteria LCBD values were primarily linked to pond variables. In SEMs, diatom and cyanobacteria LCBD were associated with pH, followed by K. Water pH had a negative coefficient whereas K had a positive coefficient in the models, indicating that ponds with high uniqueness of species composition were acidic or had high K concentration, or both. Moreover, LCBD and richness were negatively related, suggesting that ponds with high uniqueness of species composition were often species poor. It thus appears that among the autotrophs, taxonomically unique species-poor communities prevail in specific ecological conditions, such as those found in acidic ponds. The negative LCBDrichness correlation observed here has been reported previously for larger organisms, such as freshwater fish (Legendre & De C aceres, 2013) and urban pond insects (Heino et al., 2017) . However, we also observed a positive relationship between LCBD and richness for noncyanobacteria, which clearly suggested that the negative LCBD-richness correlation is not a general rule when multiple taxa are considered.
Although pond variables captured most of the explained variation in diatom and cyanobacteria LCBD, the results were more complex for non-cyanobacteria. Variation partitioning indicated that variability in LCBD was best explained by the joint effects of pond variables and elevation. In SEMs, non-cyanobacteria LCBD was linked to elevation, pH and NDVI, all of which had negative coefficients in the models, implying that ponds with high uniqueness of species composition were located at lower elevations or had low NDVI values or low pH. Conductivity was also included in the final SEM, even though it did not have an independent effect on LCBD, presumably owing to its correlation with elevation. These results imply that more unique communities emerged in ponds at lower and higher elevations primarily as a response to the joint effects of elevation and pond variables. The exact mechanisms affecting LCBD remain uncertain, however, as the amount of unexplained variation in the multivariate analyses was relatively high. In fact, for all microbial groups, the proportion of unexplained variation was notably higher for LCBD compared with richness, suggesting that richness responded more strongly to environmental gradients in the present study. It may also be that LCBD is a difficult metric to predict (Tonkin, Heino, Sundermann, Haase, & Jähnig, 2016) .
In general, the key factors shaping diversity patterns here differed between the autotrophs and the heterotrophs. Given the strong interdependence between richness and LCBD of diatoms and cyanobacteria, and the primacy of pond variables in driving these patterns, it seems that environmental filtering governed the elevational diversity of aquatic autotrophs here. Compared with pond variables, terrestrial productivity was a poor predictor of diatom and cyanobacteria diversity. NDVI did not have direct effects on richness or LCBD in SEMs, and it failed to explain their variability in variation partitioning. This outcome disagrees with Soininen and Luoto (2012) , who reported that the richness of planktonic organisms in small boreal lakes was related to NDVI. One plausible reason for the weak linkages between terrestrial productivity and the diversity of aquatic primary producers in the present study is that NDVI was only weakly associated with pH, which in turn greatly affected diatoms and cyanobacteria. For example, several low-elevation ponds embedded in a relatively productive terrestrial landscape were species poor, presumably because of low pH. As hypothesized, terrestrial productivity was more related to the diversity of non-cyanobacteria, which represent decomposers, although it accounted for relatively small amounts of the explained variation in the multivariate analyses. This may reflect the fact that terrestrial productivity was controlled by elevation, hence lacking a notable independent effect on aquatic diversity.
In summary, microbial diversity in subarctic ponds varies with elevation in response to multifaceted, causally related factors. Climateinduced changes in terrestrial vegetation and pond variables along elevational gradients are reflected by the changes in aquatic microbial communities. Despite some common features, there were also clear differences in the patterns and potential drivers among the three microbial groups. The overall results were highly similar for the two groups of aquatic autotrophs, with pH as the major determinant of species richness and uniqueness of species composition. In contrast, heterotrophic bacteria responded to pond variables but also to elevation and terrestrial productivity. Direct effects of elevation may indicate climatic effects, dispersal-related factors or the importance of unmeasured environmental variables that covary with elevation. We conclude that microbial diversity along pond elevational gradients is likely to be structured by interacting local and regional forces. Given that both aspects of diversity of all three microbial groups were directly or indirectly linked to elevation, climatic changes may have profound impacts on aquatic microbial assemblages, especially in subarctic regions.
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